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ACTIVE MATERIAL USEFUL AS ADSORBENT

COMPRISING METAL OXIDE/HYDROXIDE
SURFACES REACTED WITH ONE OR MORE
PHOSPHOROUS-CONTAINING MATERIALS
HAVING SELECTED ORGANIC RADICALS
ATTACHED THERETO

CROSS REFERENCE TO RELATED
| APPLICATIONS

This application is a continuation-in-part of U.S. Ser.
No. 023,423, filled Mar. 9, 1987 now U.S. Pat. No.
4,788,176, which is a continuation-in-part of U.S. Ser.
No. 946,870, filed Dec. 29, 1986 (now abandoned).

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to the product of the reaction
of metal oxide/hydroxide surfaces with a monolayer of
one or more phosphorus-containing organic materials
- having selected reactive sites thereon to form an active
material useful as an adsorbent.

2. Description of the Related Art

Analytlcal and industrial adsorbents made from Or-
ganic resins suffer from poor physical strength, poor
thermal stability, high cost, solvent swelling, and low
capacity. Adsorbents made from metal oxides such as
silica exhibit poor chemical stability at high pH. For
many applications, in particular for high pressure and
large separation columns, an adsorbent with high physi-
cal integrity, good chemical stability over high and low
pH conditions, specific surface functionalities, good
thermal stability, and low cost is needed for a wide
range of applications.

Other metal oxides such as alumina have also been
used as adsorbents because of the good physical integ-

rity and low cost of alumina. The solubility of alumina
in pH ranges between 4 and 9 is very low and the mate-

rial is, therefore, chemically and physically stable in this
pH range. However, beyond this pH range, on either
the basic or acidic side, alumina becomes soluble in
aqueous media and its physical strength-and mtegnty
degrades rapidly.

Modifications of metal oxide adsorbents such as alu-
mina and aluminosilicates have been proposed. Stockel
U.S. Pat. No. 4,506,628 teaches the formation of an
adsorbent amimal litter utilizing alumina, aluminosili-
cates, or coal residues as the substrate intimately mixed
with monomers containing acid functionalities which
polymerize in situ. The monomer, such as vmyl phos-
phonic acid, together with a redox catalyst, is mixed
with a pliable dough formed from alumina and water
and extruded into pellets which harden as the monomer
polymerizes.

Modified alumina has also been used in the formation
of catalysts. Johnson et al U.S. Pat. Nos. 4,202,798 and
4,251,350 describe the formation of a hydrocarbon hy-
drotreating catalyst formed by contacting alumina with
a phosphorus-containing acid compound such as phe-
nylphosphonic acid and then calcining the phosphorus-
containing hydrous alumina. The calcined alumina is
then treated with at least one metal-containing com-
pound and again calcined to form the catalyst product.

In addition, Cupery U.S. Pat. No. 3,013,904 discloses
a substrate having an organic polymer containing penta-
valent phosphorus bonded thereto. Coatings of phos-
phorus-containing organic polymers are applied over
coatings of positively charged colloidal metal oxides
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2 -
applied to negatively charged substrates. The thickness
of the combined colloidal oxide and polymer layers on
a substrate 1s less than 100 millimicrons.

Venables et al U.S. Pat. No. 4,308,079 teaches the
treatment of an aluminum oxide surface of a aluminum
substrate with a monomolecular layer of an amino phos-
phonate compound such as nitrilotris (methylene) tri-
phosphonic acid to retard hydration of the aluminum
oxtde to aluminum hydroxide to provide a more stable
microporous surface which is particularly suited to
commercial adhesives. The presence of the hydrated
oxide is said to interfere with the formation of a satisfac-
tory bond between the adhesive and the oxide, while
the phosphonate treatment is said to inhibit the conver-
sion of the oxide to hydroxide without interfering with
subsequent bonding of the adhesive to the oxide.

SUMMARY OF THE INVENTION

An active material is provided comprising 2 metal -
oxide/hydroxide surface having chemically bonded to -
reactive sites thereon a monomolecular layer of one or
more types of phosphorus-containing organic mole-
cules. The organic molecule is comprised of a phos-
phorus-containing group capable of forming a chemical
bond with the reactive sites on the metal oxide/hydrox-
ide surface and a carbon-containing group or site ori-
ented away from the metal oxide/hydroxide surface and
capable of functioning as the active component or site
of the molecule. |

It is, therefore, an object. of this invention to provide
an active material suitable for use as an adsorbent com-
prising a monomolecular layer of one or more types of
phosphorus-containing organic molecules bonded to a
metal oxide/hydroxide surface. |

It 1s another object of this invention to provide an

active material suitable for use as an adsorbent stable at
extended pH ranges and insoluble in agueous media

ranges comprising a monomolecular layer of one or
more types of phosphorus-containing organic molecules
bonded to a metal oxide/hydroxide surface.

It 1s yet another object of this invention to provide an
active maternial suitable for use as an adsorbent stable at
extended pH ranges of from 1 to 14 and insoluble in
aqueous media ranges comprising a monomolecular
layer of one or more types of phosphorus-containing
organic molecules chemically bonded to a metal oxide/-

“hydroxide surface wherein each of the organic mole-

cules 1s further comprised of a carbon-containing group.
oriented away from the metal oxide/hydroxide surface
and capable of functioning as the active component of
the molecule. -

It is a further object of this invention to provide an
active material suitable for use as an adsorbent stable at
extended pH ranges of from 1 to 14 and insoluble in
aqueous media ranges comprising a monomolecular
layer of one or more types of phosphorus-containing
organic molecules wherein the phosphorus-containing -
group on the molecule is chemically bonded to a metal
oxide/hydroxide surface and the molecule is further
comprised of a carbon-containing group oriented away
from the metal oxide/hydroxide surface and capable of |
functioning as the active component of the molecule.

It is yet a further object of this invention to provide a
process for making such an active material suitable for
use as an adsorbent which comprises chemically bond-
ing to a metal oxide/hydroxide surface a monomolecu-
lar layer of one or more types of phosphorus-containing
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organic molecules wherein each of the organic mole-
cules 1s further comprised of a carbon-containing group
oriented away from the metal oxide/hydroxide surface
and capable of functioning as the active component of
the molecule. 5

It 1s a further object of this invention to provide a
process of making such an active material suitable for
use as an adsorbent stable at extended pH ranges and
insoluble in aqueous media.

It 1s another object of this invention to provide a 10
process for making such an active material suitable for
use as an adsorbent stable at pH ranges of from 1 to 14.

It 1s yet another object of this invention to provide a
process for making an active material suitable for use as
an adsorbent stable at pH ranges of from 1 to 14 by
treatment of a metal oxide/hydroxide surface with an
organic phosphorus-containing compound such as
phosphonic or phosphinic acid in an amount sufficient
to form a monomolecular layer on the metal oxide/hy-
droxide surface and to render the metal oxide/hydrox-
ide surface insoluble in an aqueous media.

These and other objects of this invention will be
obvious from the following description and accompa-
nying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a graph showing the weight percent of
phosphorus adsorbed to forms of aluminum oxide/hy-
droxide as a function of acid concentration.

FIG. 2 1s a graph showing the weight percent of 30
phosphorus adsorbed to forms of aluminum oxide/hy-
droxide as a function of aging time.

FIG. 3 1s a graph showing the concentration of phos-
phorus remaining in solution after filtration as a func-
tion of aging time.

FIG. 4 1s a graph showing the weight percent of
phosphorus adsorbed to gamma alumina before and
after washing as a function of acid concentration.

FIG. 5 1s a graph showing the weight percent of
phosphorus adsorbed to gamma alumina before and 40
after washing as a function of aging time.

FIG. 6 1s a graph of the pH of the solution plotted
against time as an indication of phosphorus adsorption
on aluminum oxide/hydroxide particles.

FIG. 7 is a flowsheet illustrating the invention.

FIG. 8 1s an illustration of a metal oxide/hydroxide
particle having a monolayer of phosphorus-containing
material thereon.

DETAILED DESCRIPTION OF THE
INVENTION

In accordance with the invention, the active material
comprises a metal oxide/hydroxide surface having
chemically bonded thereto a substantially monomolecu-
lar layer of a phosphorus-containing organic material
wherein the organic molecule having the phosphorus-
containing group is further comprised of a carbon-con-
taining group oriented away from the metal oxide/hy-
droxide surface and capable of functioning as the active
component of the molecule. This active material is suit-
able for use as an adsorbent which is stable over a large
pH range, i.e.,, from 1-14, and which, unlike at least
some of the metal oxide/hydroxides useful as the sup-
port material, is insoluble in aqueous media.

The active material also may be useful for: an analyti-
cal and prepative-scale chromatographic support; an
1on exchange media; a coupling agent for biological
materials such as enzymes, whole cells, yeasts, proteins,
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microbes, pharmaceuticals including timed-release
drugs, and vaccines; stabilization of inorganic mem-
branes used at high and low pH; coatings for piezoelec-
tric crystals; spacer molecules for holding metal oxide
particles apart; coatings for fillers and flame-retardants
In polymers; coatings for inhibiting cation or anion
adsorption (such as F-adsorption on alumina); forma-
tion of hydrophobic surfaces on metal oxides to control
wetting and dispersion properties in fluid media; con-
trolling surface charge in fluid media; promoters for
adhesive bonding, ceramics, and polymers; coupling
agents for immobilizing optically active molecules (chi-
rality) for selective adsorption of optically active com-
pounds (d or 1 isomers); surface modification for passiv-
ating surfaces of biological implants (e.g., bones, joints,
teeth); additives to medicinal products (extenders, col-
oring agents, flavorings for toothpaste, creams); im-
prove bonding between electrical insulation and a metal
conductor (decrease lamination from weathering); con-
trolling the abrasive properties of metal oxides pow-
ders; complexing agents for catalytically active metals
for improved metal dispersion; producing stain and
wear resistant coatings for plastic, concrete, or soft
metal wear surfaces; selective adsorbing of toxic liquids
or gases without adsorbing water; coupling agent for
coloring polymers and paints; preservative coatings for
natural products such as wood, straw, and stone to
increase surface hardness, stain resistance, and color
fastness; coating to increase the efficiency of photon
radiation by enhanced absorption and/or light scatter-
Ing; coating with bacteriostatic properties for pharma-
ceutical products, treating fabrics, and wood (e.g., treat-
ing wood shingles to inhibit formation of mold, mildew,
and rot); flocculating agents for colloidal dispersions;
metal chelating agents; an additive to polish and waxes
as extender and anti-wetting agent.

The use of the term *‘active material” is intended to
define an organic molecule comprising a monomer,
oligomer or short chain polymer having a phosphorus-
containing group, and preferably at the end of the mole-
cule, capable of bonding to the metal oxide/hydroxide
support and having one or more sites thereon, prefera-
bly at the opposite end of the molecule, which may be
used for the coupling, bonding, or adsorbing, etc. of
atoms, 1ons or other molecules thereto, e.g., when the
active material functions as an adsorbent, the active
material will have sites available on the molecule to
which the material to be adsorbed wiil be attracted.

The use of the term “metal oxide/hydroxides” herein
1s intended to define a broad spectrum of oxides ranging
from those which may contain few hydroxides, e.g.,
activated forms of aluminum oxide (alumina) to more
hydrated forms which may comprise mainly hydroxide,
e.g., AI(OH)s. It has been found, however, that the
metal hydroxide form, rather than the metal oxide form,
provides a better bond with the phosphorus-containing
group on the organic molecule with which it is reacted.
However, for certain applications, dehydrated or acti-
vated forms of the metal oxide/hydroxide may be pre-
ferred due to the higher surface area of such particles.
For example, when aluminum oxide/hydroxide is used,
the hydrated form will be preferred, e.g., gibbsite, bay-
erite, or boehmite will be preferred when a large exter-
nal surface area is desired and activated alumina will be
preferred when it is desirous that the metal oxide/hy-
droxide have a high internal surface area.

As presently understood, the metal oxide/hydroxides
suitable for use in the present invention usually require




S
hydroxyl groups or other suitable reaction sites on the
surface thereof for purposes of providing bonding sites
for the phosphorus-containing organic materials. For
example, when the material is alumina, hydroxyl groups
on the surface of the alumina react with the phos-
phorus-containing group or groups of the organic mole-

cule, i1.e., with the —POOH acid group of the phos-

phonic or phosphinic acid. When using an organic sol-
vent, particularly where the solvent is immiscible with
water, a monolayer of hydroxyl groups is provided on
the alumina surface for purposes of reacting to form a
chemical bond with the phosphonic or phosphinic acid
groups. It will be appreciated that if more than a mono-
layer of hydroxyl units are present on the alumina sur-
face, such as hydroxyl units present as a result of water,
this additional water layer can act to hinder the reac-

10

15

tion. Thus, while it is preferred to have a maximum of a

monolayer of hydroxyl units, less than a complete sur-

face layer of hydroxyl units can be present on the metal
oxide and such does not hinder reactivity.

- Metal oxide/hydroxides which may be used as the

20

support surface for reaction with the phosphorus-con-

taining organic material include any metal capabie of
forming oxide/hydroxide selected from the class con-
sisting of Groups IIla (Sc and Y), IVa (T1, Zr, and Hf),
Va (V, Nb, and Ta), VIa (Cr, Mo, and W), VIIa (Mn,
Tc, and Re), VIII (Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, and
Pt), Ib (Cu, Ag, and Au), ITb (Zn, Cd, and Hg), I1Ib (B,
Al, Ga, In, and TI), IVb (Ge, Sn, and Pb), Vb (As, Sb,
and Bi), elements in the lanthanide series and the acti-
nide series, mixtures thereof, and mixture of Groups I1a
(Be, Mg, Ca, Sr, Ba, and Ra) and VIb (Se, Te, and Po).

For example, the oxide/hydroxides of aluminum,
magnesium, titanium, zirconium, iron, chromium, zinc,
vanadium, and combinations of these may be used.
Also, a core or center of iron oxide/hydroxide or other
paramagnetic or ferromagnetic material may be used
with a coating of a metal compound to take advantage

of the magnetic properties of the iron oxide/hydroxide

as an adsorbent. It shouid be noted that by use of the
term “metal”, it is intended to include not only the
traditional metals, but also materials sometimes referred
to as metalloids such as Se, B, As and Te and to exclude
the remaining elements referred to as nonmetals in the

periodic table.

While the invention is primarily directed to the use of
metal oxide/hydroxide surfaces, such as metal oxide/-
hydroxide particles, as support materials for reaction
with the phosphorus containing organic molecules to
form the active material, it is within the purview of this
- invention that other metal compounds could be used in
substitution for the metal oxide/hydroxides such as
metal silicates, oxalates, phosphates, sulfates, carbon-
ates, apatites, hydrotalcites, zeolites, kaolin, clays and
chromates as well as combinations of such materials or
~ combinations of any of such materials with the pre-
ferred metal oxide/hydroxide support materials.

With respect to the metal oxide/hydroxides used in
the present invention, it is preferred that they are pro-
vided in particulate form for certain applications. When
the use is adsorbents, particle sizes can range from as
low as 50 Angstroms to provide large external surfaces
and up to 12 millimeter for large reactors. When the
adsorbent base i1s alumina the particle size can be 1 to
200 microns. It will be appreciated that other uses, for
- example, flocculation, flame retardant in polymers,
heterogeneous catalyst, can require different particle
sizes. However, normally for adsorbent use, the particle
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size is greater than 1 micron. Typical particle size distri-
butions, when the metal oxide/hydroxide particles com-
prises aluminum oxide/hydroxide (alumina) are 1, 3-6,
7-12, 10-18, 18-32, 32-63, and 50-200 microns.

With respect to partlcle size morphology of the metal
oxide/hydroxides used in the invention, e.g., metal ox-

ide/hydroxides such as alumina, or iron oxide, for pur-

poses of the present invention, it is preferred that they
have a pore size of 20 Angstroms to 10 microns in diam-
eter. Further, it is preferred that the particles have a
pore volume of 0.1 to 1.5 ml/g. With respect to purity,
the level of impurity should be minimized depending on
the end use. However, for adsorbents, for example, the
metal oxide or metal compound should have a purity
level of over 80%, preferably 95% or greater. Surface
area of the particle is preferred to be high with typical
surface areas for alumina, for example, being in the
range of 0.10 to 600 m2/g and up to 1000 m2/g for other
metal oxide/hydroxides.

To produce the active material comprising the metal
oxide/hydroxide reacted with one or more types of
phosphorus-containing organic molecules, the metal
oxide/hydroxide, such as alumina, may be reacted with
a phosphonic or phosphinic acid in a suitable media,
including an aqueous or nonaqueous solution, emulsion,
Or suspension, within a temperature range of from just
above the freezing point of the solution up to the boiling
point of the solution, preferably within a temperature
range Of from about 25° C. up to about 90° C. in an
aqueous media, typically about 50° C. When the media
s non-aqueous, the temperature range can be greatly
extended. For example, it may range from 5° C. or
lower to 200° C. or sometimes higher depending on the
solvent.

The reaction may be carried out for a period of from
at least about 1 second up to not more than about 20
hours, and preferably from at least about 0.1 hour up to
about 4 hours, using an initial acid concentration of at
least about 0.0001 to 0.1 molar. In some instances higher
concentrations may be desired. The reaction is normally

~carried out at atmospheric pressure. However, the use

of an elevated pressure (e.g., up to 10 atmospheres) or a
subatmospheric pressure (e.g., down to | torr) should be
deemed to be within the scope of the invention. A flow-

ing bed reactor or an aerosol may also be utilized in the
treatment of the metal oxide/hydroxide surface with
the phosphorus-containing material.

The formula for the phosphonic acid useful in the
practice of the invention may be written as RPO(OH);
while the phosphinic acid may be written as
RR'PO(OH) where R’ may be hydrogen and both R
and R’ may each be comprised of 1-30, preferably 5-30,
carbon-containing molecules such as an alkyl group.
Other examples of groups which may comprise R and-
/or R’ include long and short chain aliphatic hydrocar-
bon radicals, aromatic radicals, carbocyclic radicals,
heterocyclic radicals, carboxylic acids, aldehydes, ke-
tones, amines, amides, thioamides, imides, lactams, ani-
lines, pyridines, piperidines, anhydrides, carbohydrates
and thiocyanates, esters, lactones, ethers, alkenes, al-
kynes, alcohols, nitriles, oximes, organosilicones, sulfur
containing organic compounds, ureas, thioureas, per-
fluoro, perchloro, perbromo organic molecules and

- combinations of these groups. The phosphorus-contain-

63

ing organic molecules such as listed above may also
include inorganic groups substituted thereon such as
halogens, nitrates, phosphates, halogens, nitrates, phos-
phates, phosphinates, phosphinites, phosphonates, qua-
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ternary ammonium salts, and the like. While it is pre-
ferred that the free end of the organic group extends
away from the surface of the metal compound particle,
it 1s within the scope of the present invention to pro-
vide, on the free end of the molecule, functional groups.

Functional groups may be defined as the group on the
molecule which enables the reactive material (compris-

ing the phosphorus-containing organic material bonded
to the metal oxide/hydroxide surface) to react with,
attract, couple to, bond with, etc. other atoms, ions
and/or molecules. By attaching specific functional
groups, either organic or inorganic, to the R and R’
groups of the phosphonic and phosphinic acids, a wide
variety of adsorbent selectivities and capacities are pro-
vided.

The functional groups attached to or contained
within the free end can be selected from cation ex-

change functional groups and anion exchange func-
tional groups such as —SOs;H, —N-+(CH3)3Cl,

R

|
HO-I”=D
OH

Phosphonic
Acid

)
2(R'—}i’=0)

OH

Phosphinic
Acid

Note:

>

10

15

-+

+

+

+

8

relatively few structural units, i.e., a polymer containing
2-4 monomers.

Other classes of compounds that may be immobilized
on metal oxide/hydroxide, e.g., alumina) surfaces using

this technology include: enzymes, sugars, monoclonal
antibodies, protein groups such as protein A (sta-
phytococcal A), pharmaceutical compounds, yeasts,

microbes, whole cells, dye molecules, chelated metal
groups, tag molecules and combinations of these
groups.

While we do not wish to be bound by any particular
theory of bonding, it is believed that when a metal ox-
ide/ hydroxide surface, for example, an alumina surface,
1s brought into contact with the phosphonic or phos-
phinic acid a reaction or adsorption of the acid on the
alumina takes place in which the aluminum and phos-
phorus atoms 1n the respective molecules are apparently
bonded together through an oxygen atom as illustrated
in the formulas below:

R
|
- P
A A
—Al—O0—Al— ——> =—Al—O0—Al— + H0O
Hydrated —_— Product + Water
Alumina
|
R’—].i’=
g ?
—Al—Q=—Al— ——> —Al—-o-—-;lu— 4+ + 2H;0
|
R'—-Pl’=
R
Hydrated —} Product = Water
Alumina

Aluminum ions may be an octrahedrally or tetrahedrally coordinated cation with or without
coordination vacancies at or near the surface (external or within pore structures).

—COONa, —NH; and —CN, for example. The
—S0O3H group permits removal of cations such as
Cu+?, Fe+?2 Co+3?, Cd+2, Ca+2 Sr+2, Hg+2
Pb+2, Ba+2and Be+2 from aqueous media. The func-
tional group, —CH)>N(CHj3)3Cl, permits removal of
anions such as HSO%—, C103—, NO3—, NOZ—, HPO4—,
formate, and citrate. Other examples of functional
groups that may terminate the free end of the phos-
phonated bonded hydrocarbon chain include the fol-
lowing: a carboxyl group, e.g., a carboxymethyl group,
a glucose group, a monoclonal antibody, a cyano group
(—CN), a phenyl group, a diphenyl group, a tertiary
butyl group, a sulfonic group, a benzyl sulfonic group,
protemn groups such as protein A (staphytococcal pro-
tein A), enzyme groups, dye molecules, chelated metal
groups, tag molecules and combination of these groups.
Further, 1t should be noted that the carbon group can be
a saturated or unsaturated carbon chain.

It will be noted that the R or R, groups are always
monomers or oligomers. Preferably, the oligomers have
a molecular weight of less than 2000. By the use of
monomer herein 1s meant to include a chemical com-
pound that can undergo polymerization. By oligomer is
meant a polymer or polymer intermediate containing

50

53

60

65

Thus it can be seen, using the above proposed model,
that 1f all of the exposed hydroxyl groups on the surface
of the alumina can be reacted with the phosphonic or
phosphinic acid groups, the surface chemistry of the
reacted alumina will be changed. Furthermore, the type
of organic radical attached to the phosphonic or phos-
phinic acid can be tailored to achieve certain types of
affinities to provide selectivity in the adsorption charac-
teristics of the product. For example, when an alumina
treated with a phosphonic or phosphinic acid having a
octadecyl R group is used, the following type of selec-
tivity can be achieved. For example, p-nitroaniline,
methyl benzoate, phenetole, and o-xylene under chro-
matographic conditions can be selectively adsorbed on
such a reactive material in accordance with the present
Invention.

The chemical bonding of the phosphonic or phos-
phinic acid to the metal oxide/hydroxide surface, e.g.
alumina particle, is illustrated in FIG. 8 wherein the
center represents the alumina particle having a surface
50. The carbon-containing molecule is chemically
bonded at one end to surface 50 by means of a phos-
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phorus-oxygen-meta.l bond. As presently understood, it
is preferred that the other or free end of the carbon-con-
taining molecule extends away from the metal oxide/-
hydrooxide surface, as shown in FIG. 8. Further, it is
important to control the application or bonding of the
phosphonic or phosphinic acid to the metal oxide/hy-
~droxide support so as to obtain a monolayer bonded to
the metal oxide/hydroxide surface as illustrated in FIG.
8. -

By “monolayer” or “monomolecular layer” is meant
that 90%, and preferably 98%, of the phosphonic or
phosphinic acid molecules are bonded to the metal ox-

D

10

ide/hydroxide surface as a single layer of molecules. -

Thus, the application should be controlled so as to pre-
vent the R or R’ groups from bonding to each other to
form weakly adsorbed multilayers which would then
provide further hydroxyl units, i.e., —POOH units di-
rected away from and not bonded to the surface of the
metal oxide/hydroxide thereby defeating the purpose of
the invention, for example, when it is used for an adsor-
bent. The thickness of the phosphorus-containing
bonded organic monolayer is in the range of about 2 to
about 5000 Angstroms and preferably about 3 to about
Y00 Angstroms.

~ As noted earlier, whﬂe it is desired to avoid organic
polymers where the chain has repeating phosphorus-
containing groups which can bond to the metal oxide
particle surface, oligomers having preferably a single
phosphorus-bonding group are utilized. The single
phosphorus-bonding group permits the oligomer to
have a free end which extends away from the metal
oxide surface. Additionally, the monomer or oligomer
comprising the monolayer may have reactive sites
which can permit crosslinking so as to polymerize mon-
omers or oligomers already bonded to the surface of the
metal oxide.

In the present invention, particularly when the end
use is an adsorbent, it is preferred that the monomer or
oligomer used is at least a five-carbon chain. The chain
can have 20 to 30 or more carbons, as noted earlier. The

longer chains preferably are used in the initial bonding-

or loading of the metal oxide with the phosphorus-con-
taining carbon material. However, because of the pores
and fissures that can be present on the metal oxide sur-
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the aqueous medium of solution, the time of exposure in
the solution, the concentration of phosphorus-contain-
ing organic material in the solution, or the concentra-
tion of hydroxyl units on the metal oxide particles.
In general, it has been found, for example, with alu-
mina, that if the amount of acid present, as a function of
metal oxide/hydroxide surface area, is maintained at
about 4 to 6 micromoles/square meter (m?#), preferably
about 4.5 to 5.5 micromoles/m?, and most preferably
about 5 micromoles/m2, that a monomolecular- layer
will be formed on the metal oxide/hydroxide surface.
Generally an acid concentration of from about 0.1 to 10
micromoles/m2, preferably about 2 to 6 mi-
cromoles/m?, is used. Higher concentrations may used,
but will necessitate further washing as will be described
below. |
As a precautionary measure, in accordance with the
invention, to ensure formation of only a monomolecular
layer of the phosphorus-containing organic material on
the coated metal oxide/hydroxide surfaces, the treated
surface may be washed after the bonding reaction with
any solvent which is capable of removing excess or-
ganic acid molecules which are bound to other organic

molecules, i.e., are not bound to the metal oxide/hy- '

droxide surfaces, and which will not attack the organic
acid molecules already chemically bonded to the metal
oxide/hydroxide surfaces. |
In a preferred embodiment, a sodium hydroxide solu-
tion, having a concentration ranging from 0.001 to 1
molar and buffered with sufficient sodium bicarbonate -
to matntain the pH in a range of from about 9 to 12, may

" be used as the wash solution to remove the excess phos-

35

face, particularly those having high surface area, often 45

all the surface hydroxyl units are not reacted because of
the inability of the longer chain phosphorus-containing
organic material reaching or diffusing into the pores
and fissures. Thus, to inert or block remaining reactive
sites, short-chain monomers or oligomers, e.g., less than
6 carbon molecules per chain, can be used. In this way,
all of the reactive sites are capped or blocked. That is,
for capping off the reactive sites, short-chain monomers
can be used. For example, an alumina treated with a
high molecular weight phosphonic or phosphinic acid,
e.g. an n-heptadecylphosphonic acid, may be further
treated with a low molecular weight phosphonic acid,
e.g., methylphosphonic acid, to treat any remaining
unreacted alumina surface areas.

In the present invention, the weight of the monolayer
can range from about 1 to 75 wt. % calculated on the
total weight of the coated metal oxide, and preferably
the monolayer can range from about 4 to 50 wt. %,
typically 5 to 20 wt. 9. For purposes of ensuring that a
monolayer of phosphonated organic material is bonded
to the surface of the metal oxide surface, the application
should be carefully controlled. That is, a monolayer can
be obtained, for example, by controlling the viscosity of

50
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phorus-containing organic acid molecules, leaving only
the desired bonded monomolecular layer. Other wash
solutions which may be used instead of the sodium
hydroxide include potassium hydroxide and ammonium
hydroxide solutions which may also be buffered to pro-
vide approximately the same pH range. |

In addition, the wash solution may also comprise a

weak acid such as a carboxylic acid, e.g., acetic or for-

mic acid, or a weak mineral acid (0.1-2N) such as sulfu-

ric, nitric, or hydrochloric acid. The wash solution
might also comprse an alcohol such as isopropanol or

butanol. However, the use of bases as wash solutions are

preferred since the resuiting salts, e.g., sodium or potas-
sium salts, are more soluble.

The following examples will serve to further 111us-
trate the practice of the invention.

EXAMPLE I

High purity bayerite and gamma alumina were used -
as supports. The nitrogen BET surface area was 19 and
65 m2/g for bayerite and gamma, respectively.

Both the bayerite and gamma aluminas, having an
average particle size of about 2 microns, were dried in a
110° C. drying oven and 10 gram samples were weighed
into a number of glass sample vials. To each of four vials

- containing 10 gram samples of gamma alumina was

60
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added, respectively, 100 mi of 0.1, 0.01, 0.001, and
0.0001 molar solutions of phenylphosphonic acid =
formed by diluting a 0.1 molar phenylphosphonic acid

solution with deionized and distilled water. Molar con-
centrations of 0.01, 0.001 and 0.0001 gave a monolayer
but cover less than all of the surface area available on
the particles. A molar concentration of 0.1 was suffi-
cient to provide a monolayer on most of the surface area .

- of the particles. Higher than 0.1 molar would have

resulted in multilayering, which is undesirable. To a
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fifth 10 gram sample of gamma alumina was added 100
ml of delonized and distilled water. Five more samples
were similarly prepared using 10 gram bayerite samples
instead of gamma alumina. The ten samples were
shaken and then allowed to age for 24 hours. The con-
tents of the sample containers were then vacuum fil-
tered through Whatman 42 filter paper. The surface
modified alumina samples were placed in clean vials and
dried in a 110° C. drying oven. The phosphorus content
of each of the samples was determined by direct current
plasma.

The results are tabulated in Table 1 and plotted in the
graph of FIG. 1. It can be seen that there is a significant
increase in the amount of phosphorus present on the
surface of the bayerite and gamma alumina samples
aged in the 0.1 molar solution of phenyl-phosphonic
acid compared to less concentrated amounts. Higher
phosphorus content of gamma alumina compared to
bayerite is because of its higher surface area.

TABLE 1
Acid Adsorbed
Sample Alumina Conc. (M) Phosphorus
Number Form Molar Wt. %
1 bayerite 0.0000 0.00
2 bayerite 0.0001 0.01
3 bayerite 0.001 0.01
4 bayerite 0.01 0.06
5 bayerite 0.1 0.61
6 gamma 0.0000 0.00
7 gamma 0.0001 0.01
8 gamma 0.001 0.04
9 gamma 0.01 0.29
10 gamma 0.1 1.85
EXAMPLE 11

Another group of 10 gram samples of gamma and
bayerite aluminas were used and to each sample was
added 100 ml of 0.1 molar phenylphosphonic acid. Each
sample vial was covered and shaken and then allowed
to age for a predetermined time period followed by,
filtration, drying, and measurement similar to that pre-
viously described in Example 1 to determine the phos-
phorus content on the alumina sample with respect to
contact time between the respective alumina samples
and the phenylphosphonic acid. These results are tabu-
lated m Table 2 and illustrated in the graph of FIG. 2.

The filtrate for the alumina samples aged for various
time periods was also analyzed for phosphorus content.
The concentration of phosphorus in the filtrate of the
bayerite and gamma alumina samples aged for various
amounts of time is plotted in FIG. 3. The pH change of
the respective solution for the gamma and bayerite
samples aged for 24 hours was also monitored and the
change in pH with respect to time was plotted in FIG.
6 to 1llustrate yet another way of monitoring the amount
of chemically adsorbed phenylphosphonic acid on the
aluminas. It is seen that the solution containing the
gamma alumina sample shows a rapid rise in pH be-
tween 0 and 30 minutes and then a slow increase until
120 minutes where it begins to decrease slightly. The
pH of the solution containing the bayerite alumina sam-
ple shows linear increase from 0 to approximately 150
minutes and then decreases slightly. It should be noted
that aluminas other than bayerite and gamma alumina,
e.g., gibbsite, boehmite, eta, chi, rho, delta, kappa and
alpha, may be used as supports.
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TABLE 2
Sampie Alumina Time in Phosphorus
Number Type Minutes Wt. %
L bayerite 2 0.12
2 bayerite 4 0.11
3 bayerite 8 0.12
4 bayerite 16 0.12
5 bayerite 32 0.11
6 bayerite 64 0.13
7 bayerite 128 0.12
5 bayerite 256 0.38
9 bayerite 1440 1,31
10 gamma 2 0.72
11 gamma 4 0.62
12 gamma 8 0.65
13 gamma 16 0.67
14 gamma 32 0.62
13 gamma 64 0.63
16 gamma 128 0.65
17 gamma 256 0.80
18 gamma 1440 1.56

EXAMPLE IIT

To further illustrate the practice of the invention, 3
grams each of the filtered and dried gamma alumina
samples from Example I, respectively contacted with
0.1, 0.01 and 0.0001 molar phenylphosphonic acid, were
washed and filtered 3 times with 30 ml of distilled.
detonized water. Filtered and dried 3 gram gamma
alumina samples from Example II which had, respec-
tively, been contacted with 0.1 molar phenylphos-
phonic acid for 8, 64, and 1440 minutes were similarly
washed. All the washed samples were then placed into
clean vials and dried in a 110° C. drying oven. The
gamma alumina samples contacted with the 0.1 molar
concentration phenylphosphonic acid were not wetta-
ble. They were also not affected by the washing.

The results are respectively illustrated in FIGS. 4 and
S 1n which the results from the washed samples are
plotted in dotted lines superimposed on the respective
solid line gamma curves for unwashed samples corre-
sponding to the gamma curves respectively shown in
F1GS. 1and 2. It will be noted that the amount of phos-
phorus remaining on the treated alumina after washing
1s fairly comparable to the unwashed samples.

EXAMPLE IV

To illustrate the multiple treatment of alumina with
more than one type of phosphonic or phosphinic acid, a
solution of 0.1 molar n-heptadecylphosphonic acid was
prepared by dissolving 3.8454 grams in 120 ml. of iso-
propanol at 45° C. Thirty grams of activated 7-12 mi-
cron alumina was weighed into this solution which was
then shaken to mix and placed in an ultrasonic bath for
15 minutes. The mixture was vacuum filtered through
Whatman #3 filter paper. The alumina was washed
with 3 volumes of isopropanol and placed in an oven at
383K to dry. The unreacted sites on the surface of the
alumina were then capped with methylphosphonic acid.
A solution of 0.1 molar methyl phosphonic acid was
prepared by dissolving 1.1524 grams of methylphos-
phonic acid in 120 ml. of isopropanol at 45° C. The
dried, n-heptadecylphosphonic acid loaded alumina
was added to this, shaken to mix, and placed in an ultra-
sonic bath for 15 minutes. The alumina was then again
filtered, washed and dried at 110° C.

Another alumina sample was then contacted with a
0.3 molar solution of n-heptadecylphosphonic acid dis-
solved 1n 1sopropanol under the same conditions and
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then capped as above with a 0.1 molar solution of me-
thylphosphonic acid. |

Both samples were analyzed on an IBM Instruments
IR-98 Fourier Transform Infrared Spectrometer with
128 scans per spectrum at 4 cm— 1 resolution. The spec-
tra were plotted using a KBr spectrum as reference. The
bands chosen for the n-heptadecylphosphonic acid cali-
bration curves were the 2928 cm—1 asymmetric
stretching band and the 1470 cm— 1 bending band. The
band at 1470 cm—1 is selected as the analytical wave-
length because the value for its standard deviation is ten
times less than the value for the band at 2928 cm—1. At
this wavelength, the respective weight percent of n-
heptadecylphosphonic acid loaded by treating the alu-
mina with the 0.1 molar and 0.3 molar solutions was
6.88 and 24.85 wt. %, respectively. |

Thus, the invention provides a method for forming a
reactive material capable of withstanding pH ranges of

1-14 and nonwettable in an aqueous media by reacting a _

metal oxide/hydroxide surface with an organic phos-
phorus-containing compound such as phosphonic or
phosphinic acid at a concentration of about 0.0001 to 0.1
molar until a sufficient amount of the phosphorus-con-
taining compound has reacted with the metal oxide/hy-
droxide surface to form the desired monomolecular
layer thereon.

Having thus described the invention, what is claimed
is:

1. A process for chemically bonding a monomolecu-
lar layer of phosphorus-containing organic material to a
metal oxide/hydroxide surface to form an active mate-
rial suitable for use as an adsorbent and having good
chemical stability over a pH range of from 1 to 14
which comprises:

(a) providing a liquid containing an organic material
therein having 1-2 phosphorus-containing groups
thereon selected from the class consisting of:

(1) phosphomc acid having the formula RPO(OH);
and
(1) phOSph1mc
RR'PO(OH);
where R comprises a 1- 30 carbon-containing
group and R’ comprises hydrogen or a 1-30
carbon-containing group; and

(b) contacting said metal oxide/hydroxide surface
with said liquid to chemically bond said phospho-
rus containing organic material to substantially all
of the exposed hydroxyl groups on said metal ox-
ide/hydroxide surface to form a monomolecular

acid having the formula
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layer of said organic material thereon forming said

active material.

2. The process of claim 1 wherein said step of provid-
ing a liquid containing an organic material therein hav-
ing 1-2 phosphorus-containing groups thereon further
comprises maintaining a concentration of said phos-
phorus- containing organic material in said liquid of at
least about 0.0001 molar.

3. The process of claim 1 wherein said step of con-
tacting said metal oxide/hydroxide surface with said
liquid containing said phosphorus-containing organic
material further comprises maintaining said contact for
from about 1 second to about 20 hours.

4. The process of claim 3 wherein said step of con-
tacting said metal oxide/hydroxide surface with said
liquid containing said phosphorus-containing organic

material further comprises maintaining said contact for

from about 0.5 to about 4 hours.
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5. The process of claim 1 wherein said step of con-
tacting said metal oxide/hydroxide surface with said
liquid containing said phosphorus-containing organic
material further comprises maintaining the temperature
of the reactants at about 5°~150° C. during said contact-
ing step. ~

6. A process for chemically bonding a monomolecu-

lar layer of phosphorus-containing organic material to a
metal oxide/hydroxide surface to form an active mate- -
rial suitable for use as an adsorbent and having good
chemical stability over a pH range of from 1 to 14
which comprises:

(a) providing a liquid containing an organic material
therein having 1-2 phosphorus-containing groups
thereon selected from the class consisting of:

(1) phosphonic acid having the formula RPO(OH);
and

(i) phosphinic
RR'PO(OH); |
where R comprises a 1-30 carbon-containing
group and R, comprises hydrogen or a 1-30
carbon-containing group;

(b) maintaining said liquid containing said phos-
phorus-containing organic material at a concentra-
tion of at least about 0.0001 to 0.1 molar; and

(c) contacting the metal oxide/hydroxide surface

acid having the formula

with said liquid at a temperature of from about

25°-90° C. for a period of from at least 1 second to
about 20 hours to chemically bond said phos-
phorus-containing organic material to substantiaily
all of the exposed hydroxyl groups on said metal
oxide/hydroxide surface to form a monomolecular
layer of said organic material thereon comprising
said active material:
whereby said metal oxide/hydroxide surface is substan-
tially free of unreacted hydroxyl groups after said
chemical bonding, said active material is stable at a pH
of from 1-14, and said active material is insoluble in
aqueous media.

7. The process of forming said active material of
claim 6 wherein said metal oxide/hydroxide comprise
an oxide/hydroxide of an element capable of forming an
oxide/hydroxide selected from the class consisting of
Groups IIla (Sc and Y), IVa (Ti, Zr, and Hf), Va (V,
Nb, and Ta), VIa (Cr, Mo, and W), VIIa (Mn, Tc, and
Re), VIII (Fe, Ru, Os, Co, Rh, Ir, Ni, Pd, and Pt), Ib
(Cu, Ag, and Au), ITb (Zn, Cd, and Hg), I1Ib (B, Al, Ga,
In, and T1), IVb (Ge, Sn, and Pb), Vb (As, Sb, and Bi),
elements in the lanthanide series and the actinide series,
mixtures thereof, and mixtures of Groups I1a (Be, Mg,
Ca, Sr, Ba, and Ra) and VIb (Se, Te, and Po).

8. The process of forming said active material of
claim 7 wherein said metal oxide/hydroxide comprises
an oxide/hydroxide of a metal selected from the class
conmstmg of aluminum, magnesium, titanium, zirco-
nivm, iron, chromium, zinc, vanadium, and combina-
tions of these metals.

9. The process of forming said active material of
claim 7 wherein said metal oxide/hydroxide is selected
from the class consisting of alumina, iron oxide, zeolitic
materials, zirconia, zinc oxide, magnesia, apatites, and
hydrotalcites.

10. The process of forming said actwe material of
claim 9 wherein said metal oxide/hydroxide comprises
alumina.

11. The process of forming said active material of

claim 9 wherein sald metal oxide/hydroxide comprises
zirconia.
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12. A process for chemically bonding a monomolecu-
lar layer of phosphorus-containing organic material to a
metal oxide/hydroxide surface to form an active mate-
rial suitable for use as an adsorbent and having good
chemical stability over a pH range of from 1 to 14 5
which comprises:

(a) providing a liquid containing an organic material
therein having 1-2 phosphorus-containing groups
thereon selected from the class consisting of:

(1) phosphonic acid having the formula RPO(OH);3;
and

(1) phosphinic
RR'PO(OH);
where R comprises a 1-30 carbon-containing
group and R, comprises hydrogen or a 1-30
carbon-containing group;

(b) maintaining said liquid containing said phos-
phorus-containing organic material at a concentra-
tion of at least about 0.0001 to 0.1 molar; and

(c) contacting with said liquid at a temperature of 20
from about 25°-90° C. for a period of from at least
0.1 to about 20 hours a metal oxide/hydroxide
surface consisting essentially of a metal capable of
forming an oxide/hydroxide selected from the
group consisting of Groups IIIa (Sc and Y), Iva
(11, Zr, and Hf), Va (v, Nb, and Ta), VIa (Cr, Mo,
and W), vlia (Mn, Tc¢, and Re), VIII (Fe, Ru, Os,
Co, Rh, Ir, Ni, Pd, and Pt), Ib (Cu, Ag, and Au), IIb
(Zn, Cd, and Hg), I1Ib (B, Al, Ga, In, and TI), IVb
(Ge, Sn, and Pb), Vb (As, Sb, and Bi), elements in
the lanthanide series and the actinide series, mix-
tures thereof, and mixtures of Group IIA (Be, Mg,
Ca, Sr, Ba, and Ra) and VIb (Se, Te, and Po); to
chemically bond said phosphorus-containing or-
ganic materials to substantially all of the exposed
hydroxyl group on metal oxide/hydroxide surface
to form a monomolecular layer of said organic
material thereon comprising said active material:

whereby said metal oxide/hydroxide surface is substan-
tially free of unreacted hydroxyl groups after said
chemical bonding, said active material is stable at a pH
of from 1-14, and said active material is insoluble in
aqueous media.

13. The process of forming said active material of
claim 12 wherein said metal oxide/hydroxide surface 45
comprises particles having a particle size range of from
50 Angstroms up to 12 millimeters.

14. The process of forming said active material of
claim 13 wherein said particle size range of said metal
oxide/hydroxide particles is from about 1 to 200 mi- 50
Croms. *

15. The process of forming said active material of
claim 12 wherein said metal oxide/hydroxide surface
comprise porous particles having an average pore size
of from about 20 Angstroms to about 10 microns in 55
diameter.

16. The process of forming said active material of
claim 15 wherein said porous metal oxide/hydroxide
particles have a pore volume of from about 0.1 to about
1.5 mi/gram.

17. The process of forming said active material of
claim 16 wherein said porous metal oxide/hydroxide
particles have a surface area of from about 0.10 to about
1000 m2/gram.

18. The process of forming said active material of 65
claim 12 wherein said metal oxide/hydroxide surface
comprise an oxide/hydroxide of a metal selected from
the class consisting of aluminum, magnesium, titanium,

10

acid having the formula
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zirconium, iron, chromium, zinc, vanadium, and combi-
nations of these metals.

19. The process of forming said active material of
claim 12 wherein said metal oxide/hydroxide surface is
selected from the class consisting of alumina, iron oxide,
zeolitic materials, zirconia, zinc oxide, magnesia, apa-
tites, and hydrotalcites.

20. The process of forming said active material of

claim 19 wherein said metal oxide/hydroxide surface
comprises alumina.

21. The process of forming said active material of
claim 20 wherein said alumina comprises activated alu-
mina having a surface area in the range of 0.1 to 600
m2/g. |

22. The process of forming said active material of
claim 19 wherein said metal oxide/hydroxide surface
comprises zirconia.

23. The process of forming said active material of
claim 12 wherein the thickness of said substantially
onomolecular layer of phosphorus-containing organic
material chemically bonded to said metal oxide/hy-
droxide surface is in the range of 10 to 5,000 Angstroms.

24. The process of forming said active material of
claim 12 wherein the thickness of said monomolecular
layer of phosphorus-containing organic material chemi-
cally bonded to said metal oxide/hydroxide surface is in
the range of 20 to 500 Angstroms.

25. The process of forming said active material of
claim 12 wherein said R group of said organic molecule
contains at least 5 carbon atoms.

26. The process of forming said active material of
claim 12 wherein said monomolecular layer constitutes
0.01 to 90 wt. % of said active material comprising said
phosphorus-containing organic material chemically
bonded to said metal oxide/hydroxide surface.

27. The process of forming said active material of
claim 12 wherein said monomolecular layer constitutes
about 4 to 50 wt. % of said active material comprising
said phosphorus-containing organic material chemically
bonded to said metal oxide/hydroxide surface.

28. The process of forming said active material of
claim 25 comprising the further step of treating said
reactive material, comprising said metal oxide/hydrox-
ide surface having chemically bonded thereto said phos-
phorus-containing organic material containing at least 5
carbon atoms, with a second liquid having a phos-
phorus-containing organic material therein selected
from the class consisting of;

(a) phosphonic acid having the formula RPO(OH),;

and |

(b) phosphinic acid having the formula RR'PO(OH);

where R comprises a 1-5 carbon group and R,
comprises hydrogen or a 1-5 carbon group; said
further treatment step acting to react said phos-
phorus-containing organic material in said second
liquid with any remaining surface hydroxyl groups
on the surface of said metal oxide/hydroxide not
reacted 1n said first treatment.

29. An active material comprising a metal oxide/hy-
droxide surface having chemically bonded to reactive
sites on said surface, a monomolecular layer of a phos-
phorus-containing organic material suitable for use as
an adsorbent and selected from the class consisting of
phosphonic acid having the formula RPO(OH); and
phosphinic acid having the formula RR'PO(OH) where
R comprises a 1-30 carbon-containing group and R’
comprises hydrogen or a 1-30 carbon-containing group,
said bond being formed by reaction of said phosphorus-
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containing group with said metal oxide/hydroxide sur-
face, said carbon-containing group being oriented away
from said metal oxide/hydroxide surface.

30. The active material of claim 29 wherein said metal
oxide/hydroxide surface comprises an oxide/hydroxide
of an element capable of forming an oxide/hydroxide
selected from the class consisting of Groups IIIa (Sc
and Y), IVa (Ti, Zr, and Hf), Va (V, Nb, and Ta), VIa
(Cr, Mo, and W), VIIa (Mn, Tc, and Re), VIII (Fe, Ru,
Os, Co, Rh, Ir, Ni, Pd, and Pt), Ib (Cu, Ag, and Au), IIb
(Zn, Cd, and Hg), IIIb (B, Al, Ga, In, and T1), IVb (C,
Si, Ge, Sn, and Pb), Vb (As, Sb, and Bi1), elements in the
lanthanide series and the actinide series, mixtures
thereof, and mixtures of Groups I1a (Be, Mg, Ca, Sr, Ba,
and Ra) and VIb (Se, Te, and Po).

31. An active material comprising a metal oxide/hy-
droxide surface of an oxide/hydroxide of an element
capable of forming an oxide/hydroxide selected from
the class consisting of Groups Illa (Sc and Y), IVa (Tj,
Zr, and Hf), Va (V, Nb, and Ta), V1a (Cr, Mo, and W),
VIla (Mn, Tc, and Re), VIII (Fe, Ru, Os, Co, Rh, Ir,
Ni, Pd, and Pt), Ib (Cu, Ag, and Au), IIb (Zn, Cd, and
Hg), I11Ib (B, Al, Ga, In, and T1), IVb (Ge, Sn, and Pb),
Vb (As, Sb, and Bi), elements in the lanthanide series
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and the actinide series, mixtures thereof, and mixtures of 25

Groups Ila (Be, Mg, Ca, Sr, Ba, and Ra) and VIb (Se,
Te, and Po); said metal oxide/hydroxide having chemi-

cally bonded to reactive sites on the surface thereof, a

monomolecular layer of a phosphorus-containing or-
ganic material suitable for use as an adsorbent and se-
lected from the class consisting of phosphonic acid
having the formula RPO(OH); and phosphinic acid
having the formula RR'PO(OH) where R comprises a
1~-30 carbon-containing group and R’ comprises hydro-
gen or a 1-30 carbon-containing group, said bond being
formed by reaction of said phosphorus-containing
group with said metal oxide/hydroxide surface, said
carbon-containing group being oriented away from said
metal oxide/hydroxide surface. |

32. The active material of claim 31 wherein said metal
oxide/hydroxide surface comprises an oxide/hydroxide
of a metal selected from the class consisting of alumi-
- num, magnesium, titanium, zirconium, iron, chromium,
zinc, vanadium, and combinations of these metals.

33. The active material of claim 31 wherein said metal
oxide/hydroxide 1s selected from the class consisting of
alumina, iron oxide, zeolitic materials, zirconia, zinc
oxide, magnesia, apatites, and hydrotalcites.

34. The active material of claim 33 wherein said metal
oxide/hydroxide comprises alumina.

- 35. The active material of claim 33 wherein said metal
oxide/hydroxide comprises zirconia.

36. The active material of claim 34 wherein said alu-
mina comprises activated alumina having a surface area
in the range of 0.1 to 600 m2/g.

37. The active material of claim 34 wherein said alu-
mina comprises particulate having a particle size in the
range of 50 Angstroms to 12 millimeters.

38. The active material of claim 31 wherein the thick-
ness of said monomolecular layer of phosphorus-con-
taining organic material chemically bonded to said
metal oxide/hydroxide surface is in the range of 10 to
5,000 Angstroms.

39. The active material of claim 38 wherein the thick-
ness of said monomolecular layer of phosphorus-con-
taining organic material chemically bonded to said
metal oxide/hydroxide surface is in the range of 20 to
500 Angstroms.
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40. The active material of claim 31 wherein said R
group of said phosphorus-containing organic molecule
contains at least 5 carbon atoms. -

41. The active material of claim 31 wherein elther
said R group or said R’ group may comprise an organic
radical selected from the class consisting of long and
short chain aliphatic hydrocarbons, aromatic hydrocar-
bons, carboxylic acids, aldehydes, ketones, amines, am-
ides, thicamides, imides, lactams, anilines, pyridines,
piperidines, carbohydrates, esters, lactones, ethers, al-

kenes, alkynes, alcohols, nitriles, oximes, organosii-

cones, ureas, thioureas, perfluoro organic molecules,
perchloro organic molecules, perbromo organic mole-
cules and combinations of these groups.

42. The active material of claim 41 wherein either
saild R group or said R’ group may have a functional
group attached to a portion of said molecule spaced
from said phosphorus-containing group on said mole-
cule selected from the class consisting of a carboxyl
group, a glucose group, a cyano group, a cyanate
group, 1socyanate group and thiocyanate group, a
phenyl group, a-diphenyl group, a tertiary butyl group,
a sulfonic group, a benzyl sulfonic group, a halogen
group, nitrate group, phosphate group, phosphinate
group, phosphinite group, phosphonate group, quater-
nary ammonium salt group and combinations of these
groups.

43. The active material of claim 41 wherein either
sald R group or said R’ group may have a cation ex-
change functional group attached to a portion of said
molecule spaced from said phosphorus-containing

- group on said molecule and selected from the class
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consisting of —HSO3; —N(CHj3)3Cl, —COONa,

—NH> and —CN.

44. The active material of claim 31 wherein said mon-
omolecular layer of organic material having a phos-
phorus-containing group is substantially free of hy-
droxyl groups after chemically bonding to said metal
oxide/hydroxide surface.

45. The active material of claim 31 wherein said mon-
omolecular layer constitutes 0.01 to 90 wt. % of said
reactive material comprising said phosphorus-contain-
Ing organic material chemically bonded to said metal
oxide/hydroxide surface. |

46. The active material of claim 45 wherein said mon-
omolecular layer constitutes about 4 to 50 wt. % of said
reactive material comprising said phosphorus-contain-
ing organic material chemically bonded to said metal
oxide/hydroxide surface. *

47. An active material suitable for use as an adsorbent
and capable of reacting with, attracting, coupling to, or
bonding with other atoms, ions, and/or molecules com-
prising:

(a) a metal 0x1de/hydrox1de surface consisting essen-
tially of an oxide/hydroxide of an element capable
of forming an oxide/hydroxide selected from the
class consisting of Groups Illa (Sc and Y), Iva (Ti,
Zr, and Hf), Va (V, Nb, and Ta), VIa (Cr, Mo, and
W), VIIa (Mn, Tc, and Re), VIII (Fe, Ru, Os, Co,
Rh, Ir, N1, Pd, and Pt), Ib (Cu, Ag, and Au), IIb
(Zn, Cd, and Hg), IIIb (B, Al, Ga, In, and T1), IVb
(Ge, Sn, and Pb), Vb (As, Sb, and Bi), elements in
the lanthanide series and the actinide series, mix-
tures thereof, and mixtures of Group I1IA (Be, Mg,
Ca, Sr, Ba, and Ra) and VIb (Se, Te, and Po);

(b) chemically bonding to reactive sites on said metal
oxide/hydroxide surface, a monomolecular layer

of a phosphorus-containing organic material com-
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prised of a phosphorus-containing group and a
carbon-containing group and selected from the
class consisting of phosphonic acid having the for-
mula (RPO(OH); and phosphinic acid having the
formula RR’PO(OH) where R comprises a 1-30
carbon-containing group and R’ comprises hydro-
gen or a 1-30 carbon-containing group; said bond
being formed by reaction of said phosphorus-con-
taining group with said metal oxide/hydroxide
surface, said carbon-containing group being ori-
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ented away from said metal oxide/hydroxide sur-
face.

48. The active material of claim 47 wherein said R
group on said phosphorus-containing organic material
comprises a monomer and said R’ group, when present,
is hydrogen or a monomer.

49. The active material of claim 47 wherein said R
group of said phosphorus-containing organic material is
an oligomer containing 2-4 monomers and having a

molecular weight of less than 2000.
* * *
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